The National Ignition Facility and the Omega Laser Facility both have a need for measuring prompt gamma radiation as part of a nuclear diagnostic program. A new gamma-detection diagnostic using off-axis-parabolic mirrors has been built. Some new techniques were used in the design, construction, and tolerancing of this gamma ray diagnostic. Because of the wavelength requirement (250 to 700 nm), the optical element surface finishes were a key design consideration. The optical enclosure had to satisfy pressure safety concerns and shielding against electromagnetic interference induced by gammas and neutrons. Structural finite element analysis was needed to meet rigorous optical and safety requirements. The optomechanical design is presented. Alignment issues are also discussed.
BACKGROUND DISCUSSION
Gas Cherenkov detectors have been used to convert fusion gammas into Cherenkov photons to achieve gamma reaction history (GRH) measurements. 1,2 These gas detectors include a converter, pressurized gas volume, relay optics, and a photon detector. A novel design for the National Ignition Facility (NIF) using 90º off-axis parabolic (OAP) mirrors efficiently collects signal from fusion gammas with 8 ps time dispersion. 3 Fusion gammas are converted to Compton electrons at an aluminum or beryllium converter plate. The electrons then generate broadband Cherenkov light along their trajectories in a pressurized gas cell. The spectral response (250 to 700 nm) is limited by the detector. This light is relayed into a high-speed detector using three parabolic mirrors and one folding mirror (see Figure 1 ; a lens-equivalent system is shown in Figure 2 ). The detector optics collect light from a 125-mm-diameter by 600-mm-long interchangeable gas (CO 2 or SF 6 ) volume. Because light is collected from source locations throughout the gas volume, a corresponding image volume is produced (see Figure 3) . Therefore, the detector is positioned at a stop position rather than at an image position. As such, the stop diameter and its position are independent of the light-generation locations along the gas cell. This design incorporates a fixed time delay of 4.26 ns that allows the detector to recover from prompt radiation. The time delay feature is what improves both the sensitivity and signal-to-noise ratio of this instrument over prior Cherenkov detectors.
1,2 At NIF, a cluster of four channels will allow for increased dynamic range, as well as different gamma energy thresholds.
For this application, reflective optics were chosen because they do not induce the lateral color and additional temporal dispersion associated with refractive optics. Malone has described the advantages and limitations of using OAP optics in imaging applications. 4 For properly matched OAPs, relative orientation of the optics will result in tilt for either the aperture or image plane. In this design, the OAPs were oriented to result in a tilted image plane. A preliminary version of the GRH instrument was successfully deployed at the Laboratory for Laser Energetics (LLE) Omega facility in Rochester, NY. The mechanical layout of this design is shown in Figure 4 , and a picture of the deployment is shown in Figure 5 . The optics enclosure prevents high-frequency electrical noise from affecting the photomultiplier tube (PMT) detector and associated electronics. The electrical noise can originate both from the environment and also from electron generation inside the gas cell. The noise coming from outside was blocked by making the enclosure electrically continuous with conductive o-rings. The electrical noise that originated from inside the gas cell was damped with a magnetically loaded absorbing rubber. The tungsten shielding protects the PMT detector from line-of-sight and scattered radiation.
OPTOMECHANICAL TOLERANCING
Overall, the optical system is forgiving from a tolerance point of view because it is a nonimaging system. Tolerance analyses were performed on the system using both ZEMAX™ and LightTools™ software packages, from Zemax Development Corporation and Optical Research Associates, respectively. Surface irregularity was found to not significantly impact light collection, but the surface finish required some thought because of scattering, especially in the ultraviolet (UV). The folding mirror (see Figure 1 ) is a natural tip-tilt compensator for any mechanical tolerance stackup. The LightTools™ and ZEMAX™ simulations indicated that the detector position for optimal light collection was slightly off-axis and shifted axially from a Code V™ lens design simulation. The detector was nominally located onaxis; the tip-tilt compensator and axial adjustment of the detector were used to optimize light collection during alignment. The tolerance numbers given in Table 1 yield a 1% maximum acceptable light loss and were generated using the ZEMAX™ lens design program; the tolerances listed are for position and angle of individual components. The tolerance budget does not take the tip-tilt compensator into account. 
OPTICAL SURFACE CONCERNS
The system aims to optimize collection of light created by the interaction of the Compton electrons in the pressure chamber. Any stray light incident on the detector contributes to increased temporal dispersion resulting from the longer optical path lengths. Scattered or absorbed light reduces the total amount of light collected. The optical sources of reduction in signal-to-noise ratio are as follows:
1) Cherenkov light generated by the sapphire window 2) Scattering from the mirror or sapphire surfaces due to roughness 3) Absorbance from the mirror surfaces 4) Reflectance from the sapphire surfaces 5) Unwanted light scattered off the housing interior 6) Unwanted ambient or high-power drive laser light that penetrates into the system
The optical design calls for off-axis parabolas, and many commercially available OAPs are manufactured using singlepoint-diamond-turning (SPDT) technology. The SPDT process tends to leave artifacts (often called "record grooves") that behave like a diffractive element with multiple superimposed spatial frequencies. These grooves have negligible effect at infrared wavelengths, but they cause significant diffraction effects at UV wavelengths. The exact magnitude and form of these effects are difficult to estimate. Post-polishing was investigated as a possible mitigation, but this also proved to be troublesome, as any polishing operation would indeed ruin the surface figure.
Assuming a record groove geometry and that tool radius R is much greater than d, the distance between adjacent peaks, 5 the peak to valley (P−V), root mean squared (RMS), and arithmetic mean roughness (Ra) are given by:
RMS = 0.299 P−V, and
Ra ~ 0.346 P−V.
The diffraction grating effect depends primarily on the ratio d/λ, so measurements such as RMS can be misleading.
The total integrated scatter (TIS) is given by the following expression: Although equation 4 is an approximation that assumes isotropic roughness and does not take diffraction effects into account, it is clear (see Figure 6 ) that any scattering problem due to surface roughness becomes severe at short wavelengths (i.e., below 400 nm).
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Figure 6. Plot of TIS for isotropic roughness
Since the final implementation at NIF involved multiple copies of the same optical design, it was cost-effective to have steel tooling figured and polished, and use electroformed nickel mirrors mounted on a base. 8 A side-by-side comparison of a standard SPDT and electroformed OAP at two different wavelengths is shown in Figure 7 . The test involved photographing the spot caused by laser illumination at focus. Diffraction causes a vertical stripe that is clearly visible in the SPDT mirrors ( Figure 7 , images labeled 2 and 4) and absent in the electroformed mirrors ( Figure 7, images 1 and 3) . The two dots in Figure 6 correspond to the wavelength and angle of incidence in Figure 7 . 
OPTICAL MATERIAL CONCERNS
Gammas will produce Cherenkov light in the sapphire window; therefore, the material thickness was minimized. We blackened the inside walls of the metal enclosure to absorb this unwanted light. Sapphire was chosen over glass (fused silica) because glass also produces Cherenkov light and would have to be thicker due to mechanical strength considerations. The sapphire window is not safety critical because it is completely enclosed, but it is mission critical. For this reason, it was designed and pressure-tested as if it had been safety critical. The Los Alamos National Laboratory (LANL) guideline for sapphire windows is to use a safety factor of 8 with respect to tensile strength and avoid any glassto-metal contact. We used a thin (0.005 inch) Mylar washer between the sapphire and mounting ring to prevent contact.
There is not an official number specification for sapphire tensile strength, and some judgment was needed to pick a reasonable value. Published sapphire tensile strength numbers range between 36 and 58 ksi; we used the lower number.
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By contrast, a tensile stress that exceeds 1 ksi is often seen as dangerous in glass. The sapphire window needed to withstand a hydrostatic overpressure test at 1.5 times the maximum allowable working pressure. Lawrence Livermore National Laboratories (LLNL) has safety guidelines for glass windows (to avoid fracture under vacuum), but not sapphire. One may also refer to the concepts of crack mechanics, such as lifetime, Weibull probability, and flaw size calculations, to help determine a safe stress level. 10, 11, 12 However, published fracture toughness measurements for sapphire vary significantly (see references 13, 14, and 15; the numbers range from 1.89 to 4.54 MPa-m 1/2 ). Consequently, reasonable limits based on lifetime or flaw size calculations require judgment as well.
The transmissivity of a sapphire window is affected by both surface and bulk effects. The bulk transmissivity of most sapphire dips severely below 300 nm. Most of this effect is due to small impurities in the material, so any grade intended for transmissivity in the UV is, by definition, a high-purity grade. A high-purity grade will have a transmissivity dip at about 220 nm. A grade is also available that avoids the 220 nm dip through a special annealing process (see Figure 8 ). As the minimum wavelength requirement was 250 nm, the annealing process was not needed. Surface effects (reflection and scatter) are also wavelength-dependent, so an appropriate antireflection coating (<1% R average from 250 to 500 nm; <1.5% R average from 500 to 700 nm) and a 20-10 surface finish were specified. 
COATING CONCERNS
There were a number of issues related to the OAP coatings. The standard reflective coating (protected aluminum) did not meet the requirements for high reflectance at wavelengths below 400 nm. An enhanced-UV coating was investigated, but this proved troublesome from a manufacturing point of view: the tooling costs for bonding the electroformed mirror onto the base would have risen dramatically because of thermal considerations during the enhanced-UV coating process. As such, an unprotected (bare) aluminum coating was chosen. The resultant reflectivity improvement was estimated at 2% per surface over the wavelengths of interest compared to a protected aluminum coating. This presented handling challenges, as bare aluminum cannot be cleaned; but it was deemed an acceptable compromise since the use environment is clean. Dust was removed from the surface during assembly with an antistatic brush.
MECHANICAL DESIGN CONCERNS
Our design standard for pressure vessels specifies a maximum value of 100 kJ for the amount of stored energy in a pressure vessel before it requires an inspection by a national board certified inspector 16 . The calculation for stored energy based on the MAWP (maximum allowable working pressure) is:
where MAWP P = maximum allowable working pressure = 1.2 × maximum working pressure, V = pressure vessel volume, and γ = specific heat ratio.
Our standards require that any nonstandard pressure vessel have a calculated burst pressure no less than four times the working pressure. Omega additionally requires a minimum safety factor of 3 on yield and 4 with respect to ultimate strength for nonpressure structural components. It was also deemed prudent to look at the structural effect of a person falling on the pressurized instrument (the trip load) as a measure of structural robustness. The trip load was modeled as a 200-pound force at the edge of the gas cell. NIF recommends a rare event safety factor (RESF) of 1 on yield and 1.25 on ultimate strength. The RESF assumes simultaneous occurrence of the expected loads and a single rare event. The safety factors were interpreted to be with respect to the strength values published in ASTM B209. 17 The published minimum values for an aluminum 6061-T6 plate between 0.25 and 6 inches thick are 35 ksi for yield and 42 ksi for ultimate strength. The material certification documents indicate that the measured yield strength of the material was 20% greater than the minimum requirement.
NIF also requires that seismic loads be considered, although Omega does not. Most of the NIF seismic requirements can be met with a quasi-static analysis.
The structure was also analyzed for solid-body motion of the optics to assure compliance with the optomechanical tolerance budget. The tie-in plate (see Figure 4) added quite a bit of rigidity to the structure and the analysis indicated compliance with safety codes and the optical error budget.
CONCLUSIONS
A novel diagnostic to measure the gamma reaction history of the inertial confinement fusion process was successfully designed and deployed. The current design provides a time delay between the prompt gammas and the Cherenkov signature we wish to record. As a consequence, the GRH instrument has better sensitivity and signal-to-noise ratio than previous Cherenkov detectors. Future installation at NIF will combine multiple GRH diagnostics into one shielded package with each diagnostic set to a different gas pressure. We will simultaneously measure different gamma energy ranges along the same line of sight. One of the keys to the success of this endeavor was the collaboration between the instrument design group and the manufacturer of the electroformed OAP mirrors.
